The Gamma-Ray Observation of Winter THunderclouds (GROWTH) of the two subsystems detected significant γ-ray signals lasting for >1 minute.
Introduction
Nonthermal X-ray and γ ray emission, typically lasting for a few seconds to ∼ 10 24 minutes, has been observed from thunderstorm activity, with detectors on board an air-25 plane [McCarthy and Parks, 1985] and a ballon [Eack et al., 1996 [Eack et al., , 2000 , high-mountain 26 detectors [Suszcynsky et al., 1996; Brunetti et al., 2000; Chubenko et al., 2000; Alexeenko 27 et al., 2002; Muraki et al., 2004; Torii et al., 2009; Tsuchiya et al., 2009; Chilingarian et al., 28 2010], and ground-based ones [Torii et al., 2002; Tsuchiya et al., 2007] . Interestingly, they gradual count decrease, generally shows that they are due mainly to radioactive radon and 150 its decay products in rain,with their half-lives being 20 − 30 min. These effects originating 151 from radionuclides are closely investigated by Suszcynsky et al. [1996] and Yamazaki et al.
152 [2002] .
153
Superimposed on such gradual count increases, a sharp count enhancement is found in all Hereafter, we call the former and the latter events 071213 and 081225, respectively. These scintillators, BGO of Detector-A gave statistically the most significant burst detection on 159 both occasions; 30σ for 071213 and 19σ for 081225. This is because it has a higher density 160 and a larger effective atomic number, and hence a higher stopping power, especially for 161 X/γ rays, than the other inorganic scintillators used in our system. 
172
In order to estimate background levels of individual energy bands of Detector-A and B,
173
we excluded data over the burst period (as defined above) and the adjacent 12-sec periods.
174
The remaining data in the two lower-energy bands were fitted by a quadratic function
175
(via χ 2 evaluation), while those in the highest-energy band with a constant. Table 1 176 summarizes the net count increases, obtained by subtracting interpolated background
177
(dashed curves of Fig. 4 and Fig. 5 ) from the total counts in the burst period. Thus, from omni-directions, increased to 0.18 ± 0.02 for 071213 and 0.14 ± 0.02 for 081225.
194
The above properties revealed by applying the anticoincidence are thought to reflect background spectrum averaged over 5 minutes before and after the burst. However, the 255 background-subtracted spectra did not change by more than ±10% at < 1 MeV, or ±5%
256
at > 1 MeV. These are almost negligible compared with the statistical errors.
257
In both events, the background-subtracted spectra of Detector-A and Detector-B exhibit 258 very hard continuum spectra, which clearly extend to 10 MeV. As shown in another
259
GROWTH event 070106 reported previously [Tsuchiya et al., 2007] , and in high-mountain results, the present two events, together with the previous ones, may be understood as 265 manifestations of a common type of high-energy activity in thunderstorms.
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As easily seen in Fig. 7 and Fig. 8 , the obtained spectra, in particular those of Detector- 
Model fits
Supposing that the burst γ rays were produced in a source located at a certain distance and propagated through atmosphere to reach our detectors, we may deduce the initial photon spectrum at the source, and estimate the source distance, from the backgroundsubtracted spectra. Since the Detector-A spectra are complicated due to the passive and active shielding effects by the BGO well, below we analyze the Detector-B spectra.
According to numerical calculations [Roussel-Dupré et al., 1994; Roussel-Dupré and Gurevich, 1996; Lehtinen et al., 1999; Babich et al., 2007] , an energy distribution function of runaway electrons, generated under the RREA mechanism, is expressed by a power-law function, or more precisely, an exponentially cut-off power-law. Consequently, we assume an initial photon number spectrum as
Here, α and β are a normalization factor and a photon index, respectively, while ǫ p and 272 ǫ c describe the emitted photon energy and a cut-off energy in MeV, respectively. While 273 this equation represents an exponentially cut-off power law, it can also express a pure Below, let us estimate the source distance d from our Detector-B data, as well as α, 
283
In addition, EGS4 can adequately treat electromagnetic processes in the relevant energy
284
range of a few tens of keV to a few tens of MeV.
285
Mono-energetic photon simulations were carried out for 33 incident energies from 50 286 keV to 100 MeV. The energy interval is set to 10 keV for 50 keV − 90 keV, 100 keV for 287 100 keV − 1 MeV, 1 MeV for 1 MeV − 10 MeV, and 10 MeV for 10 MeV − 100 MeV.
288
For one mono-energetic photon simulation, one million photons were vertically injected Punch-through photons, which suffer no interactions with air molecules, appear as a strong peak at the highest end of each photon spectrum, while scattered ones form a we convolve these model predictions with the assumed source photon spectrum, eq. (1),
310
and fit the predictions simultaneously to the background-subtracted NaI and CsI spectra 311 (right panels of Fig. 7 and Fig. 8) . Then, the model parameters, such as α, β and ǫ c , can The NaI and CsI spectra have been explained, in either event, by a common set of model 326 parameters, although the fits are not necessarily good enough. The cut-off energy E c was 327 constrained to be rather high with relatively large errors. Thus, our data do not provide 328 evidence for spectral cut-off in either event. In agreement with this, the two spectral 329 models, a power law and an exponentially cut-off power law, gave similar goodness of fits 330 in both events. Importantly, the source distance have been constrained with a reasonable 331 accuracy.
332
As another attempt, we tentatively fixed E c at 7 MeV, which is the expected average 333 kinetic energy of runaway electrons (not of bremsstrahlung photons), and repeated the 334 model fitting. Then, the fit became worse in both events (4th column of Table 2 and   335   Table 3 ). Therefore, the initial photon spectrum is again inferred to extend beyond ∼ 7
336
MeV. to be accelerated in these thunderclouds to at least 10 MeV, probably a few tens of MeV.
354
Since such electrons have a range of < 100 m at near the sea level, they would hardly reach 355 our system, even if a range straggling is taken into account. Therefore, it is reasonable 356 that the electron flux incident on our system, if any, was much lower than that of photons. 
362
[2010] evaluated it as 100 − 150 m. These low source heights, which are comparable to or 363 shorter than the expected electron range, can naturally explain their electron detections. Measuring electric-field structure of winter thunderclouds, Kitagawa and Michimoto
365
[1994] revealed that tripole electrical structures, which consist of positive, negative and 366 positive layers from top to bottom, appear at mature stages of winter thunderclouds.
367
Then, they observed the tripole structures to last for < 10 minutes in early or late winter, in Fig. 12 , respectively). The two monitors gave moderate dose increases for ∼ 1 minute 375 or less around the GROWTH event. By examining the GROWTH data of 071213 burst
376
(crosses in Fig. 12 data, the second nearest monitor increased in its dose rates with a small delay of 10 ± 16 381 sec (or almost simultaneously), while the nearest one with a larger delay by 39 ± 16 sec.
382
The two monitors are located at a distance of 500 − 600 m from the GROWTH system.
383
For reference, data of the other two radiation monitors (4 and 7 in Fig. 1 ) exhibited no 384 apparent increases (green and blue lines in Fig. 12 ). As for 081225, data of those radiation 385 monitors were unavailable due to some data-storage problem.
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These simultaneous and delayed detections by the two radiation monitors have two 387 important implications. One is that the γ-ray emission from thunderclouds is likely to 388 have illuminated a rather limited area, spreading over ∼ 600 m on the ground. This kind 389 of effect was also suggested by five radiation monitors (1−5 in Fig. 1 the GROWTH system and the nearest monitor, ∼ 500 m, and dividing the projected 399 distance, ∼ 350 m, by its delay, 39 ± 16 sec, we obtain an average moving velocity of the 400 emitting region as 540 ± 220 m min −1 . Thus, the estimated moving velocity is generally 401 consistent with the wind velocity.
402
Given above discussions, we may assume that the winter thunderclouds moved from the 
The number of relativistic electrons in thunderclouds
Using the initial photon energy spectrum f (ǫ p ) of Eq.
(1) as quantified in Table 2 and Table 3 , we can estimate the number of relativistic electrons radiating the observed 1 − 10 MeV γ rays via bremsstrahlung, as
Here, η(K e , ǫ p , θ) is the probability per 1 g cm −2 with which an electron with a kinetic X rays using a ballon-born detector, which showed that a high electric field region, to 422 produce a significant flux in 3 − 120 keV energy range, has a vertical extent of ∼ 500 m,
423
at altitudes of 3.7 − 4.2 km [Eack et al., 1996] .
424
We further assumed that the electric-filed strength in the acceleration region is 300 425 kV m −1 , which is slightly higher than the threshold (at 1 atm) to cause the runaway elec- number of cosmic rays S 0 , entering the acceleration region, is described as
Based on the RREA mechanism, the total number of relativistic electrons at the end of an acceleration region, N RREA , is estimated as
The length parameter λ is given as
where E is the electric-field strength in kV m −1 and n denotes the air density relative to that at 1 atm. This formula is valid for 300 − 3000 kV m −1 [Dwyer , 2003] . Assuming E = 300 kV m −1 gives λ ∼ 300 m at P = 1 atm. In practice, E may be somewhat lower than 300 kV m −1 , because P during thunderstorms would be usually lower than 1 atm due to lower pressure system, and hence gives n < 1. Since a uniform field, δ = H/λ, gives N RREA = S 0 exp (H/λ), the factor η = exp (H/λ) is regarded as the avalanche multiplication factor, and becomes 3 and 30 for H = 300 m and 1000 m, respectively. As a result, we obtain
We thus obtain N RREA = 10 10 − 10 11 , which agrees generally with the derived N e = 438 10 9 − 10 11 . Thus, the standard RREA process can explain at least the present two 439 prolonged bursts.
440
In the above estimation, we assumed an electric field is slightly higher than the RREA 441 threshold. However, a weaker field below this threshold might suffice to produce prolonged to runaway electrons [Dwyer , 2007 [Dwyer , , 2008 . Since the estimated N e of the present bursts 451 is in generally agreement with N RREA expected from the simple RREA mechanism, we 452 conclude that at least the present two events do not require an intense feedback process.
453
In order to better characterize γ-ray spectra of long-duration events, we stacked count 454 spectra over three bursts, namely, the present two ones and 070106 [Tsuchiya et al., On a close comparison, the TGF spectra, especially the AGILE one, appear to have 
Summary
The GROWTH experiment observed two long-duration γ-ray emissions from winter and Narita, 1992] . We have shown a possibility that the observed γ-ray beams move with 480 winter thunderclouds, and spread over ∼ 600 m.
481
We estimated the number of relativistic electrons to cause the present prolonged γ-ray 482 emissions as 10 9 −10 11 . These are in general agreement with those expected from the stan- 20.2 ± 1.9 300 ± 60 390 ± 90 6.1 ± 1.7 0.3 − 3 900 ± 80 1660 ± 140 22.2 ± 2.3 400 ± 60 920 ± 110 7.6 ± 2.1 3 − 10 410 ± 30 370 ± 20 10.5 ± 1.0 180 ± 20 178 ± 16 6.8 ± 0.9 a Sum of the two NaI detectors.
b The 0.04 − 0.3 MeV count correspond to the NaI detector, while the others a sum of the NaI and CsI detectors.
c The flux is calculated by the data of Detector-B. 
